Compositional heterogeneity along the thickness of compacted disc specimens of graphite/tungsten powder mixtures with substoichiometric carbon atom ratios (0.35, 0.50 and 1.00) heated by concentrated solar beam to 1600 C was characterised by X-ray diffraction. Top surface of any examined test piece was consisted purely of mono-carbide WC while the bottom surface showed different constitution depending on the net initial C/W ratio of the test piece; almost pure metallic W for the C/W ¼ 0:35 specimen, dominant metallic W associated with small proportion of W 2 C for the C/W ¼ 0:50 and dominant W 2 C with trivial proportion of WC for the C/W ¼ 1:0. In the intermediate zone between the top and the bottom layers, the constitution held virtually constant depending on the nominal C/W ratio of the starting material: co-existing metallic W and W 2 C for the C/W ¼ 0:35, pure W 2 C for the C/W ¼ 0:50 and predominant WC with trace W 2 C for the C/W ¼ 1:00. Unlike for the top surface of the C/W ¼ 0:35 test piece heated in a solar furnace to 1900 C reported earlier, no evidence of formation of nano-meter scale WC whisker was detected for the top surface in any sample heated to 1600 C in the present work.
Introduction
In a preceding publication, 1) growth of nano-meter scale WC whiskers over top surface of compacted pellet of graphite/tungsten powder mixture with C/W atom ratio 0.35 heated to 1900 C in a solar furnace at PROMES-CNRS (Laboratoire Procedés, Materiaux, Energie Solaire) in Odeillo (France) was reported. This WC whisker formation was detected during the course of processing C/W test pieces with sub-stoichiometric C atom ratios by solar radiation heating aiming at synthesising pure sub-carbide W 2 C. 2, 3) Thus, the results were later subjected to further comprehensive analysis in terms of surface singularity in tungsten carbide synthesis by solar radiation heating. 4) In fact, our recognition on surface singularity in the solarsynthesised W carbide specimens was somewhat accidental. Compared with the C/W powder compacts processed at 1600 C, the counterparts processed at 1900 C were not easy to pulverise for XRD (X-ray diffraction) characterisation probably on account of advanced degree of sintering consolidation at a higher temperature. The degree of difficulty for pulverisation among C/W powder compact specimens after solar-heating to 1900 C tended to rise with the decreasing C/W atom ratio in the range of C/W between 1.00 and 0.35. Thus, aiming at avoiding difficult grinding process for pulverisation for the C/W specimens heated in solar furnace to 1900 C, we tried to characterise the C/W specimens in terms of the XRD patterns taken from the top surface alone. This decision was made after the XRD characterisation of the C/W compacts solar-heated to 1900 C was proceeded from C/W ¼ 1:00 test piece down to C/W ¼ 0:50 test piece in order of descending C/W atom ratio.
Then, as presented in Table 1 (reproduced from Ref. 4)), weak but unmistakable WC peaks besides intense W 2 C peaks were detected in the top surface XRD patterns taken for the specimens with C/W ¼ 0:45, 0.40 and 0.35, heated to 1900 C. Thus, in spite of difficulty, we decided to pulverise the C/W ¼ 0:35 test piece processed at 1900 C to be characterised by XRD for average composition. Then, as seen in Table 1, 4) XRD peaks identifiable as WC became indiscernible in the pulverised specimen representing the averaged-out composition of the entire test piece implying that WC in the C/W ¼ 0:35 test piece processed at 1900 C must have been localised only in the very thin top surface layer.
Anyway, before destructively pulverising the C/W ¼ 0:35 test piece solar-heated to 1900 C for the XRD characterisation, top surface of this test piece was inspected under SEM (scanning electron microscope). Then, to our surprise, we detected nano-meter scale WC whiskers developed over this test piece as reproduced in Fig. 1 . 1, 3) As listed in Table 1 , 4) no separate top surface XRD characterisation was made for the test pieces processed at 1600 C due to lacking insight in this aspect when the specimen characterisation was undertaken at that stage and thence the standard XRD characterisation was done for the pulverised specimen representing the entire test piece.
Being intrigued by the observed yield of mono-carbide WC in form of the nano-meter scale WC whiskers over the bulk substrate composed of W 2 C/W mixture for the test piece with C/W ¼ 0:35 heated to 1900 C in the solar furnace at PROMES-CNRS in Odeillo, 1, 3, 4) comparative experiment was decided to be done using a solar furnace at PSA (Plataforma Solar de Almería) in Tabernas (Spain) at a note) The peak at 2 44:4 is identified to arise from the Al specimen holder.
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slightly lower processing temperature, 1600 C, for C/W powder compacts at specified hypostoichiometric ratios.
As reported in the following text, no whisker formation was detected over any C/W specimen heated to 1600 C in the present work unlike for the C/W ¼ 0:35 specimen heated to 1900 C. 1, 3) In the present work, XRD patterns were taken for the specimen surfaces at specified height from the bottom surface made available by stepwise polishing to look into transition of constitution of the phases present in the test pieces along the depth for the C/W powder compacts with C/W atom ratios, 0.35, 0.50 and 1.00, heated to 1600 C.
Experimental
Experimental procedures in the solar heating experiments at PSA are described only very briefly in the following text as the details might be referred to in our preceding publications. [5] [6] [7] [8] Present experiments were done using a solar furnace at PSA under flowing inert Ar gas in a so-called Min-Vac reaction chamber like in the preceding series of works on the synthesis of tungsten carbide. [5] [6] [7] [8] Schematic constitution of the Mini-Vac reaction chamber was displayed elsewhere ( Figure 2 shows appearance of the specimen discs during cooling in the reaction chamber under flow of inert Ar gas and Fig. 3 the monitored temperature profile together with the degree of opening of the louvered shutter in the solar furnace optical system as well as the measured natural solar power density which was around 850 W/m 2 . Temperature was measured using a thermocouple inserted from the bottom into the alumina sheath at the centre of the graphite crucible (Fig. 2) . The tip of the thermocouple was set to be at around the height corresponding to the top surface level of the specimen discs as exhibited in Fig. 3 in Ref. 8) .
The test pieces were compacted pellets of graphite/ tungsten powder mixtures. Graphite powder (< 50 mm) was supplied from E. Merck A.G., Darmstadt (Germany) and tungsten powder (> 99:5% purity; < 75 mm) from Minas e stage of progress of the reaction; total of 5 discs placed inside a graphite crucible with a diameter ca. 70 mm; separated by graphite wedges) during cooling in the reaction chamber under flow of inert Ar gas. At the centre of the crucible, alumina sheath containing thermocouple for temperature control is seen. The tip of the thermocouple inserted from the bottom was set to be at around the level corresponding to the top surface of the specimen discs. Fig. 3 Temperature profile during the solar-synthesis of tungsten carbides measured using a thermocouple inserted in a hole drilled at the centre bottom of the graphite crucible. Measured natural solar radiation intensity and extent of opening of the louvered shutter in the solar furnace optical system are also plotted.
Metalurgia, S.A., Aveiro (Portugal). They were mixed to C/W atom ratios, 0.35, 0.50 and 1.00, and compacted into pellets of 10 mm in diameter and about 4 mm thick by uniaxial pressing at 450 MPa. The mixing of the powders was done using Type T2C Turbula mixer of Willy A. Bachofen AG Maschinenfabrik (Basel, Switzerland) for 1 h duration. The as-prepared top and bottom surfaces as well as the aspolished intermediate surface were inspected by SEM using XL30 FEG of PHILIPS and XRD characterisation was done using Geigerflex D/MAX IIIC diffractometer of RIGAKU with CuK radiation for the disc surfaces at different heights from the bottom surface as well as for both the very top and the very bottom surfaces.
Results and Discussion
Figures 4-6 summarise the XRD patterns obtained for the disc surfaces at different heights from the bottom for the test pieces with C/W ¼ 0:35, 1.00 and 0.50, respectively.
By comparing the top surface XRD patterns among these three test pieces, it is evident that the top surface of the test piece was consisted of tungsten mono-carbide WC alone irrespective of the bulk C/W atom ratio of the test piece. On the other hand, the bottom surface constitution varied depending on the C/W ratio of the test piece; almost purely metallic W with scarce W 2 C (101) peak for the test piece with C/W ¼ 0:35 (Fig. 4) , mainly W 2 C with trace WC for the C/W ¼ 1:00 (Fig. 5) and largely metallic W with trace W 2 C for the C/W ¼ 0:50 (Fig. 6 ). In the intermediate range excluding the top and the bottom layers, the composition of the test piece appeared to hold constant along the height with the constituents depending on the bulk C/W atom ratio; W 2 C associated with metallic W for the C/W ¼ 0:35 (Fig. 4) , WC associated with trace W 2 C for the C/W ¼ 1:00 (Fig. 5) and W 2 C single-phase for the C/W ¼ 0:50 (Fig. 6) .
These evidences show following features. (1) Top surface is always consisted of pure WC phase irrespective of the bulk C/W ratio.
Consistent yield of WC phase over the top surface of the C/W powder mixture specimen irrespective of the initial bulk composition is the most intriguing aspect to note in the carbide synthesis experiments using a solar furnace and was discussed as the surface singularity in a preceding work. Anyway, in the present work undertaken at a set processing temperature 1600 C, no evidence of formation of nano-meter scale WC whiskers was detected unlike for the C/W ¼ 0:35 test piece processed at 1900 C. 1, 3) The detected formation of the nano-meter scale WC whiskers at 1900 C was appreciated in terms of the VLS mechanism proposed by Milewski et al. 9) where V stands for ''vapour feed gas'', L for ''liquid catalyst'' and S for ''solid crystalline whisker growth'' by assuming the low melting point impurities like Al and Fe contained in the W acted as the liquid catalyst to realise the VLS process. Under the present experimental condition at the target processing temperature 1600 C, the VLS mechanism did not seem to prevail and thence there was no yield of nano-meter scale WC whiskers over any test piece top surface although the top surface was consistently covered with WC no matter what the bulk C/W ratio in the starting material was. Figure 7 compares typical top surface appearances of the test pieces synthesised in the present work at 1600 C. Unlike the top surface of the C/W ¼ 0:35 test piece processed at 1900 C (cf. Fig. 1  1,3) ), we do not find any evidence of formation of WC whisker over the top surface of the present test pieces. It is also noticed in Fig. 7 that the extent of partial melting of the test piece top surface processed at 1600 C was evidently less than that processed at 1900 C ( Fig. 1.  1,3) ) judging from smoother continuous appearance of grains of the latter than those of the former.
Partial melting of the top surface is speculated to be the consequence of instantaneous massive heat evolution from exothermic reaction taken place at the onset of solar heating to turn the specimen top surface temperature by far higher than the target processing temperature 1600 C. For example, we noticed such temporary temperature overshoot in measured temperature profile using a thermocouple reproduced in Fig. 4(a) in Ref. 8) although no clear temperature overshoot is noticed in temperature profile obtained during the present test run (Fig. 3) .
In contrast to the top surface, the bottom surface did not seem to demonstrate any evidence of partial melting as represented in Fig. 8 (a; C/W ¼ 1:00), (c; C/W ¼ 0:50) and (e; C/W ¼ 0:35) judging from the feature that individual grains in Fig. 8(a), (c) and (e) were by far smaller than those in Fig. 7 (top surface pictures) .
In Fig. 8 Fig. 8(a) , (c) and (e)) rather than those of the top surface (Fig. 7) showing the brittle nature of the specimens allowing detachment of agglutinated grains as individual units revealing no intra-granular surface of grains. Anyway, unlike the as-prepared top (Fig. 7) and bottom ( Fig. 8(a) , (c) and (e)) surfaces, cracks induced during polishing are visible in the as-polished intermediate surface (Fig. 8(b), (d) and (f) ).
Yield of WC, although not in form of nano-meter scale whisker, detected over the present test piece top surface irrespective of the bulk C/W ratio might be appreciated in terms of the presence of gaseous C 2 radical over the test piece. Badie et al. 10) reported detection of C 2 radical plume during heating of graphite target by concentrated solar beam in an experiment aiming at synthesising fullerene C 60 in an solar furnace at PROMES-CNRS. During the course of our solar tungsten carbide synthesis work undertaken at PROMES-CNRS, [1] [2] [3] [4] we certainly saw orange-colour plume of the C 2 radical over the crucible (see Fig. 9 reproduced from Fig. 2(c) in Ref. 1)) .
In the present experimental setup at PSA, we could not observe the reaction chamber interior from the side during the solar heating experiment session but it was quite likely that plume of C 2 radical was emitted from the graphite contained in the specimen pellets as well as from the graphite crucible.
Thus, consistent WC formation at the top of compacted C/W powder mixture at any C/W atom ratio as observed in this work was concluded to be ascribable to the presence of C 2 radical plume formed over the test piece containing graphite placed over the graphite crucible.
10) It is quite likely that carbon activity a(C) of C 2 radical is considerably higher than a(C) of graphite (¼ 1; reference state of C) and accordingly W at the top of the pellet being in contact with the plume of C 2 radical might be carburised to the highest form of tungsten carbide, WC. (2) Certain extent of carbon deficiency at the bottom surface of the test piece. In any examined test piece in the present work, bottom surface was consisted of phases with diminished C content compared with the ones anticipated from the initial bulk C/W atom ratio.
This aspect does not seem to be interpreted solely in terms of inevitable temperature gradient arisen along the test piece height during heating of the test piece by concentrated solar beam. In any solar beam heating experiment for carbide synthesis, [1] [2] [3] [4] [5] [6] [7] [8] test piece top surface was set at a hot spot deviating downwardly from the exact focal spot of the beamconcentrating optical system (cf. bottom left insert in Fig. 1 in Ref. 10) in which the position (a) represents schematically the used hot spot). The extent of the downward deviation of the test piece top surface position from the exact focal spot was chosen according to the target processing temperature. Thus, the bottom surface temperature of the test piece of thickness about 5 mm might be by 50-100 K lower than the top surface temperature. [1] [2] [3] [4] This extent of temperature gradient along the test piece height does not seem to justify the detected degree of the C depletion at the test piece bottom surface. Instead, probable cause for the C deficiency at the bottom surface might be the yield of C 2 radical plume from the top surface which might have induced the forced upward C diffusion through the compacted pellet of the C/W powder mixture.
The bottom surface of the C/W ¼ 0:35 test piece yielded XRD peak identifiable as almost pure metallic W with scarce W 2 C. It would mean that no C feed took place from the graphite holder beneath although the test piece bottom surface was in loose physical contact with the block of solid graphite which might have acted as a massive source of C. sition appeared to hold constant along the height. For example, in the C/W ¼ 0:35 test piece with thickness 3.67 mm (Fig. 4) , XRD patterns taken between 3.04 mm and 0.13 mm showed peaks identifiable as W 2 C and metallic W with comparable intensity ratios among them. The XRD pattern taken at the height 3.56 mm from the bottom (that is, by 0.11 mm away from the top surface), relative intensity of W (110) peak was weaker than the intensity of the W 2 C peaks and the W 2 C peaks were comparatively broad compared with those in the range between 3.04 mm and 0.13 mm. Such range of intermediate steady state composition for the C/W ¼ 1:00 specimen with thickness 4.35 mm extended between 4.14 mm and 0.12 mm showing dominant WC peaks with trace W 2 C peaks (Fig. 5) . As reviewed elsewhere, 2-4) W 2 C appears to be quite stable (rigorously speaking, meta-stable under certain experimental conditions) and, once it is formed, it would be difficult to convert to WC even when the condition is established in which WC rather than W 2 C is the genuine stable phase in thermodynamic term. In the C/W ¼ 0:50 test piece with thickness 3.85 mm (Fig. 6 ), such range of intermediate steady state composition extending between 3.25 mm and 0.15 mm was solely composed of W 2 C. The XRD peaks identifiable as W 2 C phase emerged at 0.15 mm look appreciably broader than those in the range between 3.25 mm and 0.65 mm implying that the extent of progress of the W 2 C formation reaction at the height 0.15 mm from the bottom surface was slightly less advanced than that in the range between 3.25 mm and 0.65 mm probably on account of slightly lower temperature at the height 0.15 mm than at the upper part of the test piece.
Concluding Remarks
XRD characterization of C/W specimens with C/W atom C. As seen in Fig. 4 , the test piece started from C/W ¼ 0:35 was not free from metallic W in accordance with the phase equilibrium information. Anyway, even for this specimen with C/W ¼ 0:35, the top surface was purely composed of WC.
Single-phase W 2 C sample was prepared only in the intermediate zone of the C/W ¼ 0:50 test piece. All the other specimens yielded mixed phases even in this intermediate zone.
As such, synthesis of fully homogenised tungsten carbide specimen (either dual-phase specimen or single-phase specimen) from compacted C/W powder specimen under heating with concentrated solar beam appeared to be difficult. If homogeneous tungsten carbide specimen is desired to be prepared in solar furnace, certain extent of top layer and bottom layer had to be removed away after the solarcarburisation process was completed.
